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Abstract 13 
The southeast region of China is frequently affected by summer heat waves. Nanjing, a metropolitan 14 
city in Jiangsu Province, China, experienced an extreme 14-day heat wave in 2013. Extreme heat can 15 
not only induce health outcomes in terms of excess mortality and morbidity (hospital admissions) 16 
but can also cause productivity losses for self-paced indoor workers and capacity losses for outdoor 17 
workers due to occupational safety requirements. All of these effects can be translated into 18 
productive working time losses, thus creating a need to investigate the macroeconomic implications 19 
of heat waves on production supply chains. Indeed, industrial interdependencies are important for 20 
capturing the cascading effects of initial changes in factor inputs in a single sector on the remaining 21 
sectors and the economy. To consider these effects, this paper develops an interdisciplinary 22 
approach by combining meteorological, epidemiological and economic analyses to investigate the 23 
macroeconomic impacts of heat waves on the economy of Nanjing in 2013. By adopting a supply-24 
driven input-output (IO) model, labour is perceived to be a key factor input, and any heat effect on 25 
human beings can be viewed as a degradation of productive time and human capital. Using this 26 
interdisciplinary tool, our study shows a total economic loss of 27.49 billion Yuan for Nanjing in 2013 27 
due to the heat wave, which is equivalent to 3.43% of the city’s gross value of production in 2013. 28 
The manufacturing sector sustained 63.1% of the total economic loss at 17.34 billion Yuan. Indeed, 29 
based on the ability of the IO model to capture indirect economic loss, our results further suggest 30 
that although the productive time losses in the manufacturing and service sectors have lower 31 
magnitudes than those in the agricultural and mining sectors, they can entail substantial indirect 32 
losses because of industrial interdependencies. This important conclusion highlights the importance 33 
of incorporating industrial interdependencies and indirect economic assessments in disaster risk 34 
studies.  35 
Keywords: Heat Wave, Health, Productivity, Capacity, Macroeconomic, Input-output Analysis, 36 
Indirect Loss, Nanjing, China 37 
38 
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1. Introduction 40 
  Climate change has become the most significant threat to the health of the global population by 41 
inducing more frequent extreme weather events. The resulting disastrous events can affect 42 
populations either directly through floods or hurricanes or indirectly through heat waves and cold 43 
spells (Haines et al, 2009). The increasing frequency and intensity of heat waves seriously affect both 44 
developed and developing countries (IPCC, 2012). In 2003, an extreme heat wave event occurred in 45 
Europe and caused nearly 20,000 deaths (Fouillet et al, 2006; Conti et al, 2005; Grize et al, 2005). 46 
Developing countries also encounter considerable adverse effects from heat waves. South-eastern 47 
China has suffered extreme heat waves that have frequently broken historic records (Sun et al, 48 
2014). As a result, a rising health burden associated with heat wave events has been observed 49 
moving from the North towards the South. However, because of their less-developed heat 50 
protection infrastructure and strategies, developing countries such as China are more likely to suffer 51 
severe health outcomes from heat waves. Thus, more effort should be devoted to detecting the 52 
health impacts of heat waves in these countries.  53 
 54 
  It is important to convert health outcomes into monetary terms to develop sophisticated cost-55 
benefit analyses of public health programmes. However, in translating ‘invisible’ health outcomes 56 
into more ‘visible’ monetary losses, existing approaches such as the Contingent Valuation Approach 57 
(CVA) and the Human Capital Approach (HCA) are better at evaluating the microeconomic costs of 58 
the potential burden of a particular disease from a patient’s perspective (Wan et al, 2004). 59 
Therefore, the results of these approaches do not fully reflect the macroeconomic impacts of a 60 
particular disease on the economic system and production supply chain. When considered at a 61 
broad macroeconomic level, an individual (the patient under consideration) acts as labour during the 62 
production process of an industry. When he/she is away from work due to sickness or becomes less 63 
productive or less capable of performing work due to safety regulations, there is a potential loss of 64 
productive working time. From a supply-driven perspective where labour is regarded as a major 65 
component of industrial input, such a loss further implies output loss for an industry, which will in 66 
turn influence other industries because of industrial interdependencies. Specifically, it will affect 67 
other industries that purchase inputs from it (‘downstream’ industries) and sell outputs to it 68 
(‘upstream’ industries) (Miller and Blair, 2009). Therefore, considering these industrial 69 
interdependencies becomes significant in macroeconomic assessments because such 70 
interconnections may result in substantial indirect loss and raise the total loss far beyond the initial 71 
output loss in a single industry.  72 
 73 
  Heat waves differ from floods or hurricanes in the sense that they are relatively ‘persistent’ and 74 
cause little damage to physical capital but substantial harm to human health, and they can therefore 75 
analogously disrupt economic activities. However, such ‘persistent’ events have hardly been 76 
considered in existing disaster risk analyses. Therefore, this paper focuses on the heat wave event 77 
that took place in Nanjing, Jiangsu Province, China, in 2013. We develop an interdisciplinary 78 
approach by integrating meteorological, epidemiological and macroeconomic analyses to assess the 79 
total indirect economic impacts of heat-induced health outcomes, productivity losses and capacity 80 
losses on the production supply chain of Nanjing city. To capture industrial interdependencies, the 81 
paper employs a supply-driven input-output (IO) analysis in which productive working time losses 82 
due to the degradation of health, productivity and capacity are used as an indicator for potential 83 
changes in the inputs/value added of the economy that will be traced along the supply chain to 84 
detect the total indirect economic loss.  85 
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  The next section will review heat-related epidemiological studies, health cost assessment studies 87 
and disaster risk studies that use the IO model and provide a strong rationale for the current study. 88 
Section 3 describes the interdisciplinary methodology employed in this paper and details the 89 
methods and data used. Section 4 discusses the study results. Section 5 concludes the paper with 90 
implications, highlights and insights for future research.  91 
 92 
                                                                                                                             93 
2. Literature Review 94 
  To understand the economic implications of heat-induced health impacts, it is important to first 95 
specify the impacts of heat on mortality and morbidity for certain heat-related diseases, such as 96 
stroke mortality and cardiovascular and respiratory hospital admissions. Epidemiological studies on 97 
heat waves help to quantify the relationships between heat exposure and disease-specific mortality 98 
and morbidity and have confirmed that excess heat exposure induces excessive mortality and 99 
morbidity rates in Japan (Honda et al, 2007), the US (Anderson and Bell, 2011, Weisskopf et al, 2002) 100 
and Europe (Fouillet et al, 2006; Conti et al, 2005; Tataru et al, 2006; Michelozzi et al, 2009; Baccini 101 
et al, 2011). Alongside, two recent studies of significance also focus on impact of extreme heat in the 102 
US but lie in the economic literature. Barreca et al (2015) employed the panel data from 1900 to 103 
2004 on monthly mortality rates and daily temperature variables in the US to investigate the 104 
importance of adaptation and the extent of convergence in cross-sectional adaption rates. They 105 
found that impact of extreme heat on mortality tends to be smaller in states with high frequency in 106 
extreme heat events and heat-mortality relationships in hot and cold states tend to converge over 107 
the study period. Similarly, Barreca et al (2016) confirmed the declining impact of extreme heat on 108 
mortality rates in the US during the twentieth century, which can be explained by the diffusion of 109 
residential air conditioning. Indeed, from an economic perspective, they approved the economic 110 
benefits brought by the residential air conditioning in terms of the consumer surplus ranging 111 
between $85 and $185 billion. However, when turning to the developing world, despite their less 112 
developed heat protection infrastructure and potentially greater vulnerability, there is a lack of heat 113 
episode studies.  114 
  Apart from the productive time loss resulting from the heat-induced health outcomes, which is 115 
termed ‘absenteeism’ in our study, excess heat can also result in ‘presenteeism’, which refers to 116 
reductions in work productivity and work capacity. Although existing studies on heat-induced 117 
‘presenteeism’ always treat work productivity and work capacity as interchangeable, we suggest 118 
that these two terms should be treated differently because work productivity loss emphasizes 119 
efficiency loss due to heat-induced mental distractions, such as concentration lapses, low-quality 120 
decision making and reduced cognitive performance (Gaoua et al, 2011), while capacity loss is 121 
mainly caused by occupational work safety regulations. One of the few studies on heat-induced 122 
productivity loss was conducted by Zander et al (2015), who applied a work productivity and activity 123 
impairment (WP I) questionnaire to measure the heat-induced productivity loss due to mental 124 
distractions in Australia in 2013–14. As for work capacity loss, Wet Bulb Globe Temperature (WBGT) 125 
and ISO standards are two occupational health safety indices that are used to measure work 126 
capacity under heat exposure. The WBGT index suggests that if no break time is required, a worker’s 127 
work capacity is 100%, while if 75% rest time is required (31℃ for 500 Watts work intensity), work 128 
capacity is reduced to 25% (Dunne et al, 2013).  129 
  To further translate health outcomes into monetary terms, Dell et al (2014) summarized existing 130 
literature on changes in weather realizations over time within a given spatial area and demonstrate 131 
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impacts on agricultural output, industrial output, labor productivity, energy demand, health, conflict, 132 
and economic growth among other outcomes and explored the new applications of ‘damage 133 
function’ that is traditionally used in risk assessment for floods and earthquakes. However, their 134 
work does not treat meteorological conditions, health endpoints and macroeconomic impacts as a 135 
whole. Indeed, industrial interdependencies are yet to be fully investigated in their research. 136 
Focusing on other approaches to quantify health impacts in monetary units, CVA and HCA appear to 137 
be the two most commonly used approaches in health cost assessments. The former emphasizes 138 
individual willingness-to-pay to reduce the relative risk related to a particular disease, while the 139 
latter focuses on the potential productive life year loss. Relevant studies can be found that use the 140 
CVA (Kan et al, 2004; Zeng and Jiang, 2010) and the HCA (Zander et al, 2015). However, neither 141 
approach is able to capture the industrial interdependencies that are important when assessing 142 
economic impacts at the macroeconomic level. An initial output reduction in a single industry can 143 
cascade along the production supply chain and eventually spill over into other industries and the 144 
entire economic system, including both ‘downstream’ and ‘upstream’ industries.  145 
  To account for such interdependencies, an IO framework was developed based on the concept of 146 
a ‘circular economy’ that is advantageous for capturing industrial/regional interdependencies. Its 147 
applications have been extended to energy, environmental pollution, climate change mitigation and 148 
disaster risk studies. It has been widely applied to quantify the indirect impacts resulting from rapid-149 
onset disasters, including floods (Steenge and Bočkarjova, 2007), earthquakes (Cho et al, 2001), 150 
wilful attacks (Santos, 2006) and national power outages (Crowther and Haimes, 2005). These rapid-151 
onset disasters generally result in substantial damage to physical capital, such as bridges, roads and 152 
other infrastructures. Therefore, disaster risk studies that focus on rapid-onset disaster events tend 153 
to depend heavily on quantifying the direct damages to physical capital. However, applying IO 154 
analysis to ‘persistent’ disasters that substantially affect human capital but cause little damage to 155 
physical capital, such as heat waves and air pollution, remains unexplored (except Xia et al, 2016).  156 
  As a result, the current paper adopts a supply-driven IO model to evaluate the indirect economic 157 
loss on the production supply chain resulting from heat-induced health outcomes in terms of 158 
mortality and morbidity, work productivity loss due to heat-induced mental distractions and work 159 
capacity loss due to workplace safety standards. The approach perceives loss in productive time as 160 
an indicator that results in changes in industrial value added. Given that each individual can also act 161 
as labour in the economy, the proposed framework integrates meteorological, epidemiological and 162 
economic studies that are able to feed the change in value added as an input for the IO model, and it 163 
then traces the effects along the interconnected production supply chain.  164 
 165 
3. Methodology 166 
3.1 Interdisciplinary Methodological Framework 167 
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 168 
Figure 1. Methodological framework 169 
 170 
  Figure 1 illustrates the overall methodological framework employed in this study. It involves four 171 
main parts that are distinguished with four colours (boxes on the left and flow chart on the right). 172 
Detailed methods that connect each part in the flow chart refer to the corresponding sections and 173 
equations (in purple). The heat wave period was identified in Nanjing in 2013 according to the 174 
selected heat wave definition (Section 3.2). The heat-induced excess mortality and morbidity rates 175 
were then estimated based on quantitative relationships between heat exposure and health 176 
outcomes from existing epidemiological studies (Section 3.3 Eq. 1 to 3). Meanwhile, heat-induced 177 
‘presenteeism’, including both work productivity and capacity loss, were inferred based on existing 178 
studies, ISO safety standards and recommended actions based on Humidex readings (Section 3.4). 179 
Additionally, heat-induced mortality, morbidity, productivity and capacity loss were translated into 180 
productive working time loss (Section 3.5), which was further compared with the original working 181 
time without the heat effect (Section 3.5) to derive the percentage reduction in industrial value 182 
added (Section 3.6). Moreover, the reduction in value added serves as an input in the supply-driven 183 
IO model to measure the total indirect economic loss incurred along the production supply chain, 184 
which is measured as the total loss in output (Section 3.6 Eq. 4 to 8). Finally, macroeconomic 185 
implications can be obtained from our model results.  186 
 187 
The following sections present many mathematical symbols, formulas and equations. For clarity, 188 
matrices are indicated by bold, upright capital letters (e.g., X); vectors by bold, upright lower case 189 
letters (e.g., x); and scalars by italicised lower case letters (e.g., x). Vectors are columns by definition, 190 
so that row vectors are obtained by transposition and are indicated by a prime (e.g. x′ ). A diagonal 191 
matrix with the elements of vector x on its main diagonal and all other entries equal to zero are 192 
indicated by a circumflex (e.g. xˆ). 193 
 194 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
3.2 Identify Heat Wave Period 195 
  There are various ways to define a heat wave. In this study, we followed the heat wave definition 196 
of Ma et al (2011) as a period of at least 7 consecutive days with 1) a daily maximum temperature 197 
above 35.0 ℃ and 2) daily mean temperatures above the 97th percentile for the period from 2005–198 
08 for each station. As a result, 5/8–18/8/2013 was identified as the heat wave in Nanjing in 2013 199 
(Figure 2 and Table 1).  200 
 201 
 202 
Figure 2. Heat wave period in Nanjing, 2013 203 
 204 
 205 
Table 1. Temperature observations from three meteorological monitoring stations in Jiangsu, 2013  206 
 207 
 208 
3.3 Heat-induced Mortality and Morbidity 209 
  For heat-induced mortality in Nanjing, we selected a near-term summer reference period to 210 
control for potential time-varying confounding effects. The selected reference period has the same 211 
duration and distribution of days of the week (DOW) as the heat wave period and excludes the days 212 
immediately after the heat wave (Basu and Samet, 2002; Ma et al, 2011). The heat-induced excess 213 
deaths (all causes) were calculated as the difference in number of mortalities between the study 214 
period and the reference period (Eq. 1). 215 
   (1) 
 216 
where is the heat-induced excess number of non-accidental mortalities,  is the number of 217 
mortalities during the heat wave and  is the number of mortalities during the reference period. 218 
The daily counts of death data were obtained from the China Information System Death Register and 219 
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the Report of the Chinese Center for Disease Control and Prevention (China CDC) from 1 January 220 
2007 to 31 December 2013. The causes of death were coded by the China CDC according to the 221 
International Classification of Diseases, Tenth Revision (ICD-10): non-accidental disease (A00-R99).  222 
  For heat-induced morbidity in Nanjing, we considered excess hospital admissions for respiratory 223 
and cardiovascular diseases. Because of a lack of records and data for Nanjing, we had to refer to 224 
similar episode studies on heat-induced morbidity in other cities. We employed the RRs (rate ratios) 225 
from Ma et al’s (2011) study in Shanghai because Shanghai is located very close to Nanjing and has 226 
similar meteorological conditions, social context, and environment and population structure, and we 227 
therefore assumed that the populations would have similar vulnerabilities to heat exposure. The RRs 228 
for the two diseases were used in Eq. 2 to calculate the population attributable fraction (PAF) and 229 
were further used in Eq. 3 to estimate the population counts affected by a particular health endpoint.  230 
 231 
 
(2) 
 
(3) 
 232 
where PAF is the population attributable fraction that measures the fraction of the affected 233 
population that can be attributed to a certain risk factor, RR is the rate ratios for a particular health 234 
endpoint, ‘1’ corresponds to the counterfactual risk ratio using a theoretical-minimum-risk exposure 235 
distribution, E is the total affected counts of a particular health endpoint that are attributable to a 236 
certain risk factor, B is the national level admission incidence of a given health effect and P is the 237 
exposed population (WHO, 2016). The RRs for cardiovascular and respiratory hospital admissions are 238 
1.08 (95% CI) and 1.06 (95% CI), respectively (Ma et al, 2011).  239 
 240 
3.4 Productivity and Capacity Loss 241 
  For heat-induced productivity loss due to mental distraction or reduced cognitive skills, we 242 
assumed that excess heat only induces productivity loss for workers in the manufacturing, energy 243 
supply and service sectors, who mostly work indoors with light work intensity (Zander et al, 2015). 244 
However, as existing studies have not identified a quantitative relationship between heat exposure 245 
and the resulting productivity loss, we referred to Bux (2006) and assumed a 12% reduction in 246 
productive working time for workers in the three sectors. Bux (2006) suggested that the reduction in 247 
productive time for indoor self-paced workers can range from 3% to 12% under moderate or 248 
extreme heat. Considering that the daily average and maximum temperatures in Nanjing far 249 
exceeded those in Bux (2006), there was extreme heat during the heat wave in Nanjing in 2013 that 250 
resulted in a 12% loss of productive time. 251 
  For heat-induced work capacity loss due to workplace safety regulations, we assumed that excess 252 
heat only affects the work capacity of workers in the agricultural, mining and construction sectors, 253 
who mostly work outdoors with heavy work intensity and are directly exposed to heat. We 254 
estimated the work capacity loss in terms of working time loss for outdoor workers using the 255 
Humidex plan, which was developed based on different humidity and temperature ranges to protect 256 
workers from heat stress (Occupational Health and Safety, 2010). According to Nanjing Meteorology 257 
(2016), the summer average humidity in Nanjing ranges from 45% to 70%, which corresponds to 45 258 
minutes per hour of relief time required for outdoor workers with high work intensity (Figure 3; 259 
Occupational Health and Safety, 2010). 260 
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 261 
Source: Modified from Occupational Health and Safety, 2010 262 
Figure 3. Humidex-based Heat Response Plan (humidity range and corresponding relief time required 263 
are highlighted in red box) 264 
 265 
3.5 Productive Working Time Loss 266 
  We assumed that each worker in Nanjing works 8 hours per day and 250 days in 2013. Each heat-267 
induced death therefore results in 250 working days lost. Each cardiovascular admission causes 11.9 268 
working days lost, and each respiratory admission causes 8.4 working days lost (National Bureau of 269 
Statistics of China, 2016). Heat-induced outpatient visits and weekends lost for admissions are not 270 
considered in the current study. Mortality and hospital admission counts were scaled down to 271 
mortality and hospital admission counts among labourers using the city labour-population ratio 272 
(Nanjing Statistical Yearbook, 2014) and further distributed into 42 industries according to the 273 
industrial-total output ratio (IO table). Meanwhile, extreme heat also results in a 12% loss of daily 274 
working time for indoor workers in the manufacturing and service sectors during the 14 days of the 275 
heat wave (5/8–18/8/2013), while it induces a daily loss of 6 hours (45 minutes times 8 hours per 276 
day) of working time for outdoor workers in the agricultural, mining and construction sectors during 277 
the heat wave period due to the occupational health safety plan. The reductions in industrial 278 
working time are summed and compared with the original industrial working time when there is no 279 
heat wave and thus no heat-induced health impact or productivity or capacity loss. The calculated 280 
percentage reduction in industrial working time is used as an indicator for the same percentage 281 
reduction in industrial value added that is used as an input in the supply-driven IO model in the next 282 
step. We did so by considering labour as a major component of industrial value added.  283 
 284 
 285 
3.6 Supply-driven IO Model 286 
  A supply-driven IO model was derived from a traditional Leontief IO model. The Leontief model 287 
assumes that sectors interact within an economic system, and each sector produces a distinct 288 
commodity that is used for either final consumption or the inputs for other sectors during 289 
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production processes. The total output of sector i, xi, in an n-sector economy can be illustrated in Eq. 290 
4 or 5. 291 
xi = zi1+....+zij+....+zin+fi = i
n
j ij fZ +∑ =1  (4) or 
x = Zi + f (5) 
 292 
where ∑
=
n
j ijZ1  is the monetary value sum of sector i’s output in all other sectors as intermediate 293 
transactions and if  is sector i’s final demand. The technical coefficient or direct input coefficient, 294 
aij, can be obtained using Eq. 6. The Leontief IO model assumes fixed technical coefficients that 295 
suggest fixed relationships between industries.  296 
aij = zij / xj (6) 
 297 
By combining Equations (4) and (6), the basic Leontief IO model can be derived and put into matrix 298 
notation as in Eq. 7a and b. 299 
x = Ax + f (7a) 
x = (I-A)-1f, L=(I-A)-1 (7b) 
 300 
                  301 
where L is known as the Leontief inverse. It measures the impact of a dollar’s worth of change in the 302 
final demand of a sector on the total output value across the economy through industrial 303 
interdependencies (Miller and Blair, 2009).  304 
Production in a particular industry could influence other sectors in the economy in two directions. 305 
The Leontief model suggests that production affects sectors that provide its primary inputs; thus, it 306 
focuses on the demand side of the economy. However, production could also affect sectors that 307 
purchase its outputs as inputs in their production processes; thus, it focuses on the supply side of 308 
the economy. A supply-driven IO model is used to calculate the sectoral gross production changes 309 
caused by changes in the amount of primary inputs, including capital and labour. The supply-driven 310 
IO model follows the basic structure shown in Eq. 8a and b.  311 
x’ = v’ (I-B)
-1 (8a) 
x’ = v’ G, G = (I-B)
-1 (8b) 
                   312 
where B is the allocation coefficient (direct-output coefficient) that is calculated by dividing Zi by Xi 313 
and bij in the supply-driven IO model, which refers to the distribution of sector i’s outputs in sector j. 314 
It also assumes fixed allocation coefficients in the economy. V is the industrial value added, including 315 
capital and labour input, and G is the Ghosh inverse, which measures the economic impacts on other 316 
sectors’ output resulting from the initial change in a sector’s value added (Miller and Blair, 2009).  317 
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  Because there is no city-level IO table for Nanjing, we scaled down the provincial IO table for 318 
Jiangsu Province for 2012 using the Nanjing-Jiangsu population ratio and assuming the same 319 
technology for Nanjing and Jiangsu province. Employment and output data were obtained from the 320 
Nanjing Statistical Yearbook 2014.  321 
 322 
4. Results and Discussion 323 
4.1 Industrial Reduced Productive Working Time 324 
  The 14-day heat wave in Nanjing in 2013 caused a substantial loss in labour productive working 325 
time along the production supply chain by inducing excess mortality and hospital admission rates, 326 
mental distractions that reduce the cognitive skills and productivity of indoor workers 327 
(manufacturing, energy supply and services) as well as the work capacity of outdoor workers 328 
(agriculture, mining and construction). The average percentage reduction in industrial productive 329 
working time is 2.50% across all 42 industries in Nanjing in 2013 compared with full productivity and 330 
capacity without any heat effect. The greatest losses in industrial productive working time occur in 331 
the agricultural (4.50%), mining (4.22%) and construction (4.20%) sectors, where most labourers 332 
work outdoors (Figure 4). These workers have higher work intensity and are more directly affected 333 
by extreme heat during a heat wave, and their working capacity is more likely to be constrained by 334 
occupational health and safety regulations. Compared with outdoor industries, workers in the 335 
manufacturing, energy supply and service sectors encounter productive time loss in terms of 336 
degraded productivity resulting from heat-induced mental distractions (Zander et al, 2015). Their 337 
percentage reductions in productive time are 0.69%, 0.70% and 0.67%, respectively (Figure 4).  338 
 339 
Figure 4. Percentage Reduction in Industrial Productive Working Time for Nanjing Heat Wave 2013 340 
 341 
4.2 Industrial Economic Loss 342 
  By using heat-induced productive working time loss as an indicator for reductions in industrial 343 
value added, which further serve as an input for the supply-driven IO model, our results show that 344 
this single heat wave event, together with the resulting impacts on health, work productivity and 345 
capacity, caused a total economic loss of 27.49 billion Yuan for Nanjing in 2013 (Figure 5), which is 346 
equivalent to 3.43% of the city’s gross value of production in 2013. The manufacturing sector was 347 
the most severely hit and suffered the majority of the total economic loss (63.1%, 17.34 billion 348 
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Yuan), followed by the service sector (14.3%, 3.93 billion Yuan) and the construction sector (10.7%, 349 
2.95 billion Yuan; see Figure 5). The industrial heat-induced economic loss depicted in the diagram 350 
shows the values for both the initial reduction in industrial value added due to productive time loss 351 
and the cascading effects that occurred along the production supply chain resulting from industrial 352 
interdependencies. To emphasize the important role of sector interdependencies in disaster risk 353 
analyses and disaster impact assessments, the next subsection will present a direct and indirect 354 
impact analysis in order to compare and contrast the relative magnitudes of the direct and indirect 355 
economic losses.  356 
 357 
Figure 5. Heat-induced Industrial Economic Loss, Nanjing 2013 358 
 359 
 360 
4.3 Direct and Indirect Impact Analysis 361 
  The direct and indirect impact analysis highlights the significance of industrial interdependencies. 362 
As shown in Figure 6, all sectors except agriculture experienced a greater indirect economic loss 363 
resulting from the interdependencies than the direct economic loss resulting from the initial 364 
decrease in value added. Of the 17.34 billion Yuan of total economic loss in the manufacturing 365 
sector, 88% came from indirect economic loss, while the remaining 12% was from direct economic 366 
loss. The indirect loss was over seven times greater than the direct loss in the manufacturing sector, 367 
potentially because of its close industrial relationships with the other sectors and the rest of the 368 
economy. An even wider direct-indirect loss gap can be observed in the energy supply sector, where 369 
the indirect economic loss accounted for 90% (828.54 million Yuan) of the total economic loss. The 370 
service sector also showed a greater indirect loss than direct loss at 2.28 billion Yuan (58%) and 1.65 371 
billion Yuan (42%), respectively. The results show that although the potential productive time loss 372 
for work productivity of self-paced indoor workers was less than that for the work capacity 373 
constraints of outdoor workers, the former did not necessarily entail less economic loss because the 374 
initial reduction in productive time or industrial value added was not sufficient to reflect the relative 375 
magnitudes of the economic loss between sectors. Although the productive time of the indoor 376 
industries of manufacturing, energy supply and services decreased by only 0.69%, 0.70% and 0.67%, 377 
respectively, these sectors can still cause considerable indirect economic loss as a result of their 378 
close linkages with other ‘upstream’ and ‘downstream’ industries. This situation is particularly true 379 
for Jiangsu Province, where the manufacturing and service sectors lead the provincial economy. In 380 
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contrast, the agricultural and mining sectors encountered greater direct economic loss than indirect 381 
loss, mainly because the labour in these sectors features high work intensity, and therefore, the 382 
work capacity is more constrained by external heat conditions due to certain occupational health 383 
and safety regulations. 384 
 385 
Figure 6. Direct and Indirect Impact Analysis 386 
 387 
5. Conclusions 388 
  This paper develops an interdisciplinary approach by combining meteorological, epidemiological 389 
and economic analyses to investigate the macroeconomic impacts of heat waves on the economy of 390 
Nanjing in 2013 to contribute from the following research gaps: 1) the existing episodic studies on 391 
heat mostly focus on developed countries, whereas studies on developing countries, whose social 392 
and economic structures are entirely different from those in the developed world, are non-existent; 393 
2) the existing episodic studies on heat mostly quantify the heat-mortality relationship and lack 394 
quantitative analyses of heat’s effect on morbidity, productivity and capacity loss due to mental 395 
distractions and safety regulations; 3) the existing approaches used in health cost assessments 396 
generally take the patient’s perspective in evaluating the economic burden of a particular disease, 397 
which is insufficient for investigations of the macroeconomic implications on the entire economic 398 
system because industrial interdependencies and indirect economic losses are extremely important 399 
for such macroeconomic evaluations; and 4) heat waves can be analogously viewed as a ‘persistent’ 400 
disaster that affects human capital more than physical capital. However, the challenge of quantifying 401 
the invisible effects on human capital prevents their integration into disaster risk studies. By 402 
adopting a supply-driven IO model, labour is perceived as a key factor input, and any heat effect on 403 
humans can be viewed as a degradation of productive time and human capital. With this 404 
interdisciplinary tool, our study shows a total economic loss of 27.49 billion Yuan for Nanjing in 2013 405 
due to the heat wave, which is equivalent to 3.43% of the city’s gross value of production in 2013. 406 
The manufacturing sector suffered 63.1% of the total economic loss at 17.34 billion Yuan. Indeed, 407 
with the IO model’s ability to capture indirect economic losses, our results further suggest that 408 
although the productive time losses in the manufacturing and service sectors have lower magnitudes 409 
than those in agriculture and mining, they can entail substantial indirect loss because of industrial 410 
interdependencies. This conclusion highlights the importance of incorporating industrial 411 
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interdependencies and indirect economic assessments into disaster risk studies because even for a 412 
small percentage reduction in the primary inputs of a sector, such interdependencies can raise the 413 
total economic loss far beyond the direct economic loss measured by reduced industrial value 414 
added. As a result, the current paper contributes to filling the four research gaps described above 415 
among existing studies on heat epidemiology, health cost assessments and disaster risk analyses.  416 
  The current paper makes several assumptions and thus is subject to uncertainties that open up 417 
new research directions for future studies. First, we assumed that heat-induced productivity loss due 418 
to mental distractions induced a 12% loss of daily productive time during the heat wave period. We 419 
made this assumption based on Bux (2006) by considering the heat wave in Nanjing in 2013 to be an 420 
extreme one and because of the lack of identified quantitative relationships between heat exposure 421 
and productivity loss. We also assumed 45 minutes’ relief time per hour will be required for outdoor 422 
workers during the heat wave period. Second, we assumed that extreme heat exposure would only 423 
limit work productivity for workers in the manufacturing, energy supply and service sectors, where 424 
workers mostly work indoors, as well as the work capacity of workers in the agricultural, mining and 425 
construction sectors, where workers generally work outdoors and are more likely to be harmed by 426 
direct heat exposure. We did not differentiate between indoor and outdoor workers within the same 427 
industry, which might lessen the accuracy of the results. Third, current study only considered that 428 
each cardiovascular admission would cause 11.9 working days lost while each respiratory admission 429 
would cause 8.4 working days lost. because of the lack of quantitative relationships or records on 430 
heat admission and heat outpatient visits for Nanjing, we referred to a heat admission study 431 
conducted in Shanghai in 2011 (Ma et al, 2011) and did not consider any heat effect on increasing 432 
rates of outpatient visits for other diseases. Future studies should account for heat-induced 433 
outpatient visits once such data are available because they also constitute a major aspect of 434 
productive time loss that should be considered in any macroeconomic assessment of heat-induced 435 
health impacts. For these assumptions, we conducted a sensitivity analysis in the Supplementary 436 
Information to test the impact of alternative assumptions on study results. We found that study 437 
results are subject to sharpest increase when workers in all industries are affected by both heat-438 
induced productivity and capacity loss. Total economic loss would rise to 95.65 billion Yuan. Total 439 
economic loss would be also expected to rise significantly with rising percentage of productivity loss 440 
for indoor self-paced workers during heat wave period. With percentage reduction in labour time 441 
due to productivity loss increases from 10% to 30%, the total economic loss rise from 25.74 to 43.22 442 
billion Yuan. This highlights the significance of considering heat-induced mental distraction and the 443 
resulting productivity loss for indoor workers in health cost assessment studies for heat waves.  444 
Fourthly, current study does not consider any compensatory or avoidance behaviour, which implies 445 
that agents cannot optimize their behaviour or efficiency under extreme heat conditions. We made 446 
such assumption as a result of relatively short study period during which agents cannot have 447 
sufficient time to adapt themselves to extreme heat. Although the ignorance of adaptive behaviour 448 
may lead to overestimation of heat-induced labour time loss due to productivity and capacity 449 
constraints, we believe our findings could provide an alarm for both indoor, outdoor labourers and 450 
government in the face of future heat wave events. Finally, the current paper employed a supply-451 
driven IO model by perceiving labour as a key primary input and reduced productive time as an 452 
indicator of reduced value added. There are certain limitations surrounding an IO model. An input-453 
output model generally focuses on a single year’s time frame a city, regional or national level. This 454 
means that our proposed framework can be only used to estimate the economic impacts of heat 455 
wave on a city, region or nation during a year instead of considering any persistent impacts during 456 
the sequencing years. It can neither be applied on several connecting regions because of the lack in 457 
multi-regional input-output tables. The model also has limitations in inflexibility, regarding the price 458 
or substitutions for demand and supply (Hallegatte, 2008). This indicates that the model does not 459 
consider discounted value of economic output and suppliers cannot seek for substitutive factor 460 
inputs when several labourers become absent for sickness. Moreover, the model does not consider 461 
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any productive capacity or possibility of overproduction capacity (Hallegatte, 2008). Data on inter-462 
industrial transaction flows are estimated and calculated based on the assumption of industrial full 463 
production capacity.  464 
However, the current paper provides a way to incorporate health impacts into disaster risk analyses 465 
using the IO model and an alternative approach for health cost assessments to evaluate health 466 
impacts using other microeconomic tools, such as CVA and HCA. It is a good candidate model to 467 
reflect the macroeconomic impacts of changes in value added (degradation in labour time) on the 468 
entire economy by capturing industrial interdependencies and indirect economic losses. It does not 469 
consider any extra compensations for working during the hot days and the resulting positive effects 470 
on economic activities due to rising wages.  471 
 472 
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Supplementary Information - Sensitivity Analysis 591 
This supporting information presents a sensitivity analysis for the case study on Nanjing heat wave in 592 
2013 to test the impacts of alternative data or assumptions on the modelling results in terms of total 593 
economic loss resulting from PM2.5-induced health effects. These alternative assumptions involve: 1) 594 
percentages of labour time loss due to heat-induced productivity loss; 2) industries are affected by 595 
both productivity and capacity loss regardless the indoor or outdoor working environment; 3) time 596 
required for break during heat wave period/working hours lost due to heat-induced capacity loss; 597 
and 4) required time for each case of heat-induced cardiovascular admission.  598 
1. Percentages of Labour Time Loss due to Productivity Loss 599 
In the case study, heat-induced productivity loss due to mental distractions was assumed to induce a 600 
12% loss of daily productive time during the heat wave period according to Bux (2006), as a result of 601 
a lack in the quantitative relationships between heat exposure and productivity loss. Therefore, this 602 
section will test the total economic loss when extreme heat in Nanjing induces a 10%, 20% or 30% 603 
reduction in productive working time for indoor workers during the heat wave period. The results 604 
from alternative assumptions are displayed in Table 1. With percentage reduction in labour time due 605 
to productivity loss increases from 10% to 30%, the total economic loss rise from 25.74 to 43.22 606 
billion Yuan.  607 
Table 1. Percentage Productive Working Time Reduced 608 
Sensitivity Analysis - percentage productive working time reduced 
Percentage Reduced Output Loss (billion Yuan) 
10% 25.74 
20% 34.48 
30% 43.22 
 609 
2. Industries Affected by Both Productivity and Capacity Loss 610 
The second assumption in the case study is that extreme heat exposure would only limit work 611 
productivity for workers in the manufacturing, energy supply and service sectors, where workers 612 
mostly work indoors, as well as the work capacity of workers in the agricultural, mining and 613 
construction sectors, where workers generally work outdoors and are more likely to be harmed by 614 
direct heat exposure. Here, model results will be tested when both indoor and outdoor workers are 615 
affected by productivity loss and capacity constraints with the same reductions in labour time as in 616 
the case study. The total economic loss based on this assumption rise significantly to 95.65 billion 617 
Yuan as a result of considerable increase in total labour time loss. 618 
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3. Labour Hours Loss due to Capacity Loss 619 
Additionally, the study assumes heat-induced capacity constraints would cause a daily loss of 6 hours 620 
(45 minutes times 8 hours per day) of working time for outdoor workers. The model results will be 621 
tested based on the alternative daily working hours lost at 2, 4 and 8 hours, respectively. The results 622 
are shown in Table 2. Compared with figures in Table 1, the results appear to be less sensitive to 623 
capacity constraints than to productivity loss, which highlights the importance in considering 624 
potential impacts of heat-induced mental distractions and in ensure the size of self-paced labourers 625 
that will suffer from heat-induced mental distractions or degraded cognitive skills.  626 
Table 2. Labour Hours Loss due to Capacity Constraints 627 
Sensitivity Analysis - labour hours loss from capacity constraints 
Labour Hours Loss Output Loss (billion Yuan) 
2 16.57 
4 22.03 
8 32.94 
 628 
4. Timed Required for Each Cardiovascular Hospital Admission  629 
Finally, the study also makes assumption on time required for each cardiovascular admission. Thus, 630 
we tested the variation range in total economic loss when each cardiovascular admission takes 30, 631 
60 and 90 working days, respectively. The results for the alternative required time are provided in 632 
Table 3. The results only change slightly, suggesting that model results are not sensitive towards 633 
changes in time required for each cardiovascular hospital admission. 634 
Table 3. Varying Working Day Lost for Each Cardiovascular Admission 635 
Sensitivity Analysis - cardiovascular hospital admission time 
Number of Working Days Lost Output Loss (billion Yuan) 
30 27.49 
60 27.50 
90 27.52 
 636 
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1. The study assesses the heat wave impact on health, labour productivity and labour working
capacity.
2. By perceiving working time loss as degradation in value added, the interdisciplinary approach
bridges meteorological study, epidemic study and macroeconomic impact evaluation.
3. By using an IO model, the study incorporates interdependencies analysis into health costs
assessment and also heat-wave impact analysis into disaster risk study.
